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We use inelastic neutron scattering to study the effect of a magnetic field on the neutron spin
resonance (Er = 3.6 meV) of superconducting FeSe (Tc = 9 K). While a field aligned along the
in-plane direction broadens and suppresses the resonance, a c-axis aligned field does so much more
efficiently, consistent with the anisotropic field-induced suppression of the superfluid density from
the heat capacity measurements. These results suggest that the resonance in FeSe is associated with
the superconducting electrons arising from orbital selective quasi-particle excitations between the
hole and electron Fermi surfaces.
Conventional Bardeen-Cooper-Schrieffer (BCS) super-
conductivity in materials such as Aluminum and Tin
emerges from the pairing of electrons through phonon-
mediated attractions and is associated with the opening
of an isotropic superconducting gap in reciprocal space
below Tc [1]. Although there is no consensus for a micro-
scopic theory, high-transition-temperature (high-Tc) su-
perconductivity in copper- and iron-based materials, de-
rived from their antiferromagnetic (AF) ordered parent
compounds [2, 3], is believed to arise from interactions
between itinerant electrons mediated by spin fluctuations
[4]. One of the key signatures is the appearance of a neu-
tron spin resonance mode, a collective spin excitation
with an intensity tracking the superconducting order pa-
rameter below Tc [4–6]. The energy of the resonance, Er,
in different superconductors is proportional to either Tc
or superconducting gap amplitude [7–9].
In weak-coupling itinerant electron picture, the res-
onance is a bound state (spin exciton) appearing be-
low the particle-hole continuum at a momentum transfer
Q that connects parts of the Fermi surface exhibiting
a sign-change in the superconducting order parameter
[5]. For copper oxide superconductors, which are single
band superconductors with d-wave gap symmetry [10–
12], the resonance peaks at the in-plane AF wavevector
QAF = (0.5, 0.5) and displays hourglass-like dispersion
around QAF consistent with expectations of the spin-
exciton picture [13–16]. In the absence of (or for very
weak) spin-orbit coupling (SOC) [17], the resonance is
isotropic in spin space and arises from the spin-1 singlet-
triplet excitations of the electron Cooper pairs [5, 18].
When a magnetic field is applied, the spin-1 of the reso-
nance should split into three energy levels following the
Zeeman energy E± = Er±gµBB (at energies Er−gµBB,
Er, and Er+gµBB) [Fig. 1(a)], where g = 2 is the Lande´
factor, B is the magnitude of the field, and µB is the
Bohr magneton. On the other hand, if superconductiv-
ity coexists with AF order or there is large SOC-induced
anisotropy, the resonance can be a doublet where the
application of a magnetic field will split the mode into
two peaks [Fig. 1(b)] [18], as seen in the heavy Fermion
superconductor CeCoIn5[19, 20]. However, the applica-
tion of a 14 T magnetic field approximately along the
c-axis in cuprate superconductors, where Tc and the su-
perconducting gap is two orders of magnitude larger, only
slightly suppresses the intensity of the resonance with no
evidence for Zeeman splitting [21, 22].
In the case of iron-based superconductors [23], where
electrons in Fe 3d t2g band with dxz, dyz, and dxy orbitals
are near the Fermi level, superconductivity may occur
in multiple orbitals through the hole-electron Fermi sur-
face nesting [24]. As a consequence, the resonance can
have more than one component in energy [25, 26] and be
anisotropic in spin space due to SOC [27–29]. Since the
effect of Zeeman energy for a maximum possible applied
field of 14 T is still small compared with the intrinsic
energy width of the resonance for optimally doped iron
pnictide/chalcogenide superconductors [30, 31], there is
no confirmed evidence of Zeeman field-induced triplet
splitting of the resonance [32–35]. Nevertheless, a c-
axis aligned magnetic field suppresses the intensity of
the mode much more efficiently than for an in-plane field
[31, 32]. These results are consistent with lower upper
critical fields required to suppress superconductivity in
c-axis aligned fields [23], suggesting that the intensity of
the resonance is a measure of superconducting electron
pairing density [36].
To further test if the resonance in iron-based super-
conductors is a spin exciton and associated with singlet-
triplet or singlet-doublet transition [Figs. 1(a) and
1(b)], we need to find a clean material with relatively
low Tc and a sharp resonance in energy without multi-
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2orbital effects. FeSe, which undergoes a tetragonal-to-
orthorhombic structural transition at Ts = 90 K, forms
a nematic phase below Ts, and becomes superconducting
at Tc = 9 K [37–40], is an excellent choice for several rea-
sons [Figs. 1(c) and 1(d)]. First, the compound is known
to be extremely clean and has a relatively low resonance
energy of Er = 3.6 meV [41]. Second, superconductiv-
ity in FeSe is orbital selective and occurs mostly through
hole-electron Fermi surface nesting of quasi-particles with
dyz orbital characters [42], resulting in a resonance only
at the in-plane AF wave vector QAF = (1, 0) [43]. Third,
neutron polarization analysis of the resonance reveals
that the mode is anisotropic in spin space and essentially
c-axis polarized due to SOC [44], suggesting that a mag-
netic field cannot split the mode into triplets. Finally,
the upper critical fields to suppress superconductivity in
FeSe are around 16 T and 28 T for the c-axis and in-
plane aligned fields, respectively [44, 45], meaning that
an applied magnetic field will have a larger impact on su-
perconductivity compared with that of optimally doped
iron pnictides.
We carried out inelastic neutron scattering experi-
ments to study the effect of a magnetic field on the res-
onance of FeSe using the multi-axis crystal spectrome-
ter (MACS) at NIST Center For Neutron Research [46],
and the cold neutron triple-axis spectrometer PANDA
at Heinz Maier-Leibnitz Zentrum, Germany [47]. The c-
axis aligned magnetic field experiments were performed
on MACS with a fixed Ef = 3.7 meV and PANDA with
a fixed Ef = 5.1 meV. The vertical magnetic fields were
aligned along the [0, 0, 1] direction perpendicular to the
[H,K, 0] scattering plane. The in-plane magnetic field
experiment was performed on MACS with the same in-
strumental setup, while the sample was aligned in the
[H, 0, L] scattering plane with field along the [0, 1, 0] di-
rection. Since an in-plane magnetic field will not produce
orbital current within the FeSe layer, its effect on the res-
onance will be mostly the Zeeman effect.
At zero field, superconductivity in FeSe induces a res-
onance at Er ≈ 3.6 meV and a spin gap of about 2.8
meV as shown from data obtained on PANDA [Figs. 1(e)
and 1(f)] [41, 43, 44]. The effect of an 8.5 T in-plane
magnetic field on the resonance and low-energy spin ex-
citations is shown using data obtained on MACS. Fig-
ures 2(a-d) show constant-energy scans along the [1, 0]
direction at different energies with 8.5 T and zero mag-
netic fields in the superconducting state (T = 2 K). At
E = 2.5 meV, an 8.5 T field induces magnetic scattering
near QAF = (1, 0) above the flat background, indicating
a reduction in spin gap energy [Fig. 2(a)]. Near the res-
onance around E = 3.5 [Fig. 2(b)], the field suppresses
the resonance as expected. Above the resonance energy
at E = 4.5 and 5.5 meV, the applied field has little effect
on the magnetic scattering [Figs. 2(c), and 2(d)]. Fig-
ures 2(e) and 2(f) show the two-dimensional (2D) wave
vector-energy images of the resonance above background
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FIG. 1: (a) Schematic illustration of the Zeeman splitting of
the spin-exciton from singlet |0〉 to triplet |1〉 excited states.
(b) Schematic illustration of a singlet-to-doublet excitation.
(c) Crystal structure of FeSe. (d) Reciprocal space where
the blue dots represent the QAF = (1, 0) wave-vector. The
background position at Qbkgd = (0.977, 0.213, 0) is marked as
small circle. (e) PANDA measurements of the energy depen-
dence of the scattering below (blue circles) and above (Yel-
low circles) Tc at QAF = (1, 0). The background scattering
is shown as black circles. The error bars indicate statisti-
cal errors of 1 standard deviation. (f) Schematic of normal-
ized peaks and excitation positions of the resonance in FeSe
as a function of increasing magnetic field. Solid lines are
E± = Er ± 2µBB and Er. Dashed lines are guides to the
eye for a c-axis aligned field.
scattering at zero and 8.5 T field, respectively [59]. The
effect of an 8.5 T in-plane magnetic field is to weaken
and broaden the resonance, with no convincing evidence
for the splitting of the mode. Figure 2(g) is a cut along
the energy direction at QAF = (1, 0), which reveals the
resonance at 0 T field. The net effect of a magnetic field
is to push the spectral weight of the resonance to lower
energies [Fig. 2(h)].
Figure 3 illustrates the effect of a 5 T c-axis aligned
magnetic field on the resonance. Figure 3(a-d) show
constant-energy scans along the [1, 0] direction with dif-
ferent energies in 5 T and zero magnetic fields in the
superconducting state (T = 2 K). At E = 2 meV, a 5
T c-axis aligned field induces magnetic scattering near
QAF, which is 1.6 meV below the spin resonance energy
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FIG. 2: (a)-(d) Constant-energy scans along the [1, 0] di-
rection at E = 2.5, 3.5, 4.5 and 5.5 meV in zero and 8.5 T
in-plane magnetic fields at T = 2 K. (e) and (f) 2D images of
wave-vector and energy dependence of the spin fluctuations
in 0 T and 8.5 T in-plane magnetic fields at T = 2 K. (g) and
(h) are constant-Q cuts at the QAF position from (e) and (f),
respectively. They have been smoothed two times by the 2D
data processing method in David-Mslice program at NCNR.
The arrows in (e), (f), (g), and (h) indicate the lowest energy
where a Gaussian can be fit to the data. The scattering of
an assembly of Al plates coated with CYTOP, as well as a
constant adjusted to force the scattering at E = 2.4 meV and
QAF to be zero [Fig. 4(b)], was subtracted as background in
(e), (f), (g), and (h) [59]. The monitor counts in (e), (f), (g),
and (h) are normalized to an arbitrary unit (a.u.) and can be
compared directly. L is integrated in all panels, because spin
fluctuations have no c-axis modulations in FeSe. The error
bars indicate statistical errors of 1 standard deviation.
Er. Off the resonance energy at E = 3 and 4 meV and
above the resonance energy at E = 5 meV, the applied
field has slight effect on the resonance. Figures 3(e) and
3(f) compare the 2D images of the wave-vector and en-
ergy dependence of the spin resonance in 0 and 5 T, re-
spectively. For a c-axis aligned magnetic field, the upper
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FIG. 3: (a)-(d) Constant-energy scans along the [1, 0] direc-
tion at E = 2, 3, 4 and 5 meV in zero and 5 T c-axis aligned
magnetic fields at T = 2 K. (e) and (f) 2D images of wave-
vector and energy dependence of the resonance in zero and 5 T
magnetic fields at 2 K. The background subtraction process is
similar to that of Fig. 2 [59]. (g) and (h) are constant-Q cuts
at the QAF position from (e) and (f), respectively. They have
been smoothed two times by the 2D data processing method
in David-Mslice program at NCNR. The arrows in (e), (f),
(g), and (h) indicate the lowest energy where a Gaussian can
be fit to the data. The error bars indicate statistical errors of
1 standard deviation.
critical field Bc2(⊥) is around 16 T, meaning that a 5
T field is already ∼31% of Bc2, which is similar to the
fraction of 30% achieved for the 8.5 T in-plane oriented
field given the 28 T critical field. Although qualitatively
the broadening in energy is similar to that of the in-plane
field, the amplitude of the broadening is more significant.
Figures 3(g) and 3(h) show the constant-Q cuts at the
QAF position from (e) and (f), respectively. We see that a
applied field shifts the magnetic spectral weight to lower
energies. By comparing Figs. 2(g), 2(f), 3(g) and 3(f),
we conclude that a 5 T c-axis aligned field has a larger
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FIG. 4: (a) Constant-Q scans at QAF and the off-peak back-
ground positions at 2 K in zero field as shown in Fig. 1(d).
(b)-(d) Constant-Q scans with background subtracted in 0,
2.5 and 5 T c-axis aligned fields. The error bars indicate
statistical errors of 1 standard deviation.
impact on the resonance than that of an 8.5 T in-plane
field.
To determine if the broadening of the resonance in the
c-axis aligned magnetic field follows expectations from
the field-induced Zeeman effect, we carried out additional
measurements on PANDA. Figures 4(a) and 4(b) show
the evolution of the magnetic scattering at QAF = (1, 0)
in the superconducting state before and after correcting
for the background scattering, respectively. As expected,
we see a well-defined spin gap below 2.8 meV and a reso-
nance peaked at Er = 3.6 meV [Fig. 4(b)]. Upon appli-
cation of a 2.5 T field, the resonance broadens and weak-
ens, but still seems to be centered around Er = 3.6 meV
[Fig. 4(c)]. At 5 T, the magnetic scattering is broadened
and weakened further [Fig. 4(d)].
To understand these results, we first consider the ef-
fect of Zeeman energy ±gµBB on the resonance. For an
isotropic resonance with weak SOC, such as for cuprate
superconductors [17], the application of a magnetic field
is expected to split the mode into a triplet [48]. This
is similar to the magnetic field effect on quantum mag-
nets such as TlCuCl3 [49] and Sr14Cu24O41 [50], in which
the ground state is a singlet and the excited state is
a triplet and the system undergoes a so-called magnon
Bose-Einstein-Condensation (BEC) in magnetic fields
[51]. When SOC becomes important, as in the case of
iron-based superconductors [52], low-energy spin excita-
tions become anisotropic in spin space [53]. In the case
of FeSe, neutron polarization analysis suggests that the
resonance is highly anisotropic in spin space [44]. As a
consequence, the resonance should not be split by a Zee-
man field into a triplet. If the resonance is a magnon-like
excitation, two polarizations perpendicular to the applied
field are needed to form a doublet. Since the resonance
is reported to be mostly polarized along the c-axis [44],
a Zeeman field should be unable to split the mode into a
doublet.
Figure 1(f) compares the expected broadening of the
resonance assuming that the mode splits into three peaks
in the applied magnetic fields via the Zeeman effect. Tak-
ing g = 2, the field-induced Zeeman splitting equals to
0.58 and 0.98 meV in 5 and 8.5 T, respectively. In the
8.5 T in-plane magnetic field, the lowest energy where
excitation can be observed at QAF is 2.5 meV, which
is 1.1 meV below the peak of the resonance at a zero
field. For a 5 T field along the c-axis, the magnetic sig-
nal can be observed down to 2 meV. Since the Zeeman
splitting should have no field directional dependence, the
wider in-plane field-induced resonance must be due to
field-induced orbital current that suppresses supercon-
ductivity. As a function of the increasing magnetic field
along the c-axis, the intensity of the resonance is grad-
ually suppressed and broadened, qualitatively consistent
with the field-induced suppression of superconductivity
and super-fluid density [54]. Indeed, as previously noted
the experiments correspond to applying the essentially
the same 30% fraction of the upper critical field for both
field directions.
In recent electric and thermal transport measurements
[54], it was argued that FeSe is in a BCS-BEC cross
over regime, and a large magnetic field along the c-axis
might induce a new superconducting phase coexisting
with magnetic order, possibly the FFLO state [54–57].
To study if this phase has field-induced magnetic order as
suggested from the field-induced broadening of the res-
onance, we carried out neutron diffraction experiments
using the 2-axis-diffractometer E4, HZB, Germany [58].
We aligned about 200 pieces of FeSe single crystals in
the [H,K, 0] scattering plane and mapped out one quad-
rant of the zone with wave-vector between 0.14 and 1.54
reciprocal lattice unit [59]. However, we did not find any
observable difference between data at different tempera-
tures (0.25 K and 3 K) or at base temperature (0.25 K)
with different fields (0, 12, 14, and 14.5-T) along the
c-axis, suggesting no observable field-induced magnetic
order up to 14.5 T [59]. However, thermal conductiv-
ity data indicated the FFLO phase might exist for a
∼24 T in-plane magnetic field [57]. Unfortunately, cur-
rently available neutron spectrometers cannot access such
a high DC field..
Assuming that the resonance is directly associated
with superconducting electron pairs [36], we can estimate
the upper critical fields for c-axis and in-plane fields us-
ing field-induced suppression of the resonance. If the spin
gap energy below the resonance decreases linearly with
the applied field, we estimate that the lowest energy po-
sition of the spin gap to E = 0 meV in the c-axis and
in-plane magnetic fields corresponds to fields of 12 and 30
T, respectively. These values are close to the measured
upper critical fields (Bc2) of 16 and 28 T. The field direc-
5tional dependence of the spin resonance is also consistent
with that of the superfluid density from heat capacity
measurements [60], implying that the resonance is asso-
ciated with superconducting electrons arising from the
orbital selective hole-electron quasi-particle excitations
[42, 43].
In summary, we determined the effect of c-axis and in-
plane magnetic fields on the neutron spin resonance of
FeSe. We find that an in-plane magnetic increases the
width of the resonance following the field-induced Zee-
man effect. A c-axis aligned field suppresses and broad-
ens the resonance much more effectively than the in-plane
field, clearly related to the orbital effect and vortex cur-
rents induced by the c-axis field. The data indicates that
rather than the absolute applied field, it is the ratio of
the applied field to the upper critical field that controls
changes in the magnetic excitation spectrum. Our results
are consistent with the hypothesis that the resonance is
associated with electron pairing density in FeSe super-
conductor.
We would like to thank R. Feyerherm from HZB Berlin
for set-up and operating the dilution refrigerator. Neu-
tron scattering work at Rice is supported by the US
Department of Energy, BES de-sc0012311 (P.D.). The
single-crystal synthesis work at Rice is supported by
Robert A. Welch Foundation grant no. C-1839 (P.D.).
Sample preparation at Johns Hopkins University is sup-
ported by the US Department of Energy grant no. de-
sc0019331. The access to MACS was provided by the
Center for High Resolution Neutron Scattering, a part-
nership between the National Institute of Standards and
Technology and the National Science Foundation under
agreement No. DMR-1508249.
∗ Electronic address: pdai@rice.edu
[1] J. Bardeen, L. N. Cooper, and J. R. Schrieffer, Micro-
scopic theory of superconductivity, Phys. Rev. 106, 162
(1957).
[2] M. R. Norman, The challenge of unconventional super-
conductivity, Science 332, 196-200 (2011).
[3] B. Keimer, S. A. Kivelson, M. R. Norman, S. Uchida,
J. Zaanen, From quantum matter to high-temperature
superconductivity in copper oxides, Nature 518, 179-186
(2015).
[4] Scalapino, D. J. A common thread: The pairing inter-
action for unconventional superconductors. Rev. Mod.
Phys. 84, 1383 (2012).
[5] M. Eschrig, The effect of collective spin-1 excitations
on electronic spectra in high-Tc superconductors. Adv.
Phys. 55, 47-183 (2006).
[6] P. C. Dai, Antiferromagnetic order and spin dynamics
in iron-based superconductors. Rev. Mod. Phys. 87, 855
(2015).
[7] Stephen D. Wilson, Pengcheng Dai, Shiliang Li, Songxue
Chi, H. J. Kang, and J. W. Lynn, Resonance in
the electron-doped high-transition-temperature super-
conductor Pr0.88LaCe0.12CuO4, Nature 442, 59 (2006).
[8] D. S. Inosov, J. T. Park, A. Charnukha, Y. Li, A. V.
Boris, B. Keimer, and V. Hinkov, Phys. Rev. B 83,
214520 (2011).
[9] G. Yu, Y. Li, E. M. Motoyama, and M. Greven, Nat.
Phys. 5, 873 (2009).
[10] D. J. Van Harlingen, Phase-sensitive tests of the sym-
metry of the pairing state in the high-temperature
superconductors–Evidence for dx2−y2 symmetry, Rev.
Mod. Phys. 67, 515 (1995).
[11] C. C. Tsuei, J. R. Kirtley, Pairing symmetry in cuprate
superconductors, Rev. Mod. Phys. 72, 969 (2000).
[12] M. Schmid, B. M. Andersen, A. P. Kampf, and P.
J. Hirschfeld, d-Wave superconductivity as a catalyst
for antiferromagnetism in underdoped cuprates, New J.
Phys. 12, 053043 (2010).
[13] P. Bourges, Y. Sidis, H. F. Fong, L. P. Regnault, J. Bossy,
A. Ivanov, B. Keimer, The Spin Excitation Spectrum in
Superconducting YBa2Cu3O6.85, Science 288, 1234-1237
(2000).
[14] P. C. Dai, H. A. Mook, R. D. Hunt, and F. Dog˘an, Evo-
lution of the resonance and incommensurate spin fuctu-
ations in superconducting YBa2Cu3O6+x, Phys. Rev. B
63, 054525 (2001).
[15] D. Reznik, P. Bourges, L. Pintschovius, Y. Endoh, Y.
Sidis, T. Masui, and S. Tajima, Dispersion of Mag-
netic Excitations in Optimally Doped Superconducting
YBa2Cu3O6.95, Phys. Rev. Lett. 93, 207003 (2004).
[16] S. M. Hayden, H. A. Mook, P. C. Dai, T. G. Perring, and
F. Dog˘an, The structure of the high-energy spin exci-
tations in a high-transition-temperature superconductor,
Nature 429, 531 (2004).
[17] N. S. Headings, S. M. Hayden, J. Kulda, N. Hari Babu,
and D. A. Cardwell, Spin anisotropy of the magnetic exci-
tations in the normal and superconducting states of opti-
mally doped YBa2Cu3O6.9 studied by polarized neutron
spectroscopy, Phys. Rev. B 84, 104513 (2011).
[18] O. J. Lipscombe, Leland W. Harriger, P. G. Freeman,
M. Enderle, Chenglin Zhang, Miaoying Wang, Takeshi
Egami, Jiangping Hu, Tao Xiang, M. R. Norman, and
Pengcheng Dai, Anisotropic neutron spin resonance in su-
perconducting BaFe1.9Ni0.1As2, Phys. Rev. B 82, 064515
(2010).
[19] C. Stock, C. Broholm, Y. Zhao, F. Demmel, H. J. Kang,
K. C. Rule, and C. Petrovic, Magnetic field splitting of
the spin resonance in CeCoIn5. Phys. Rev. Lett. 109,
167207 (2012).
[20] S. Raymond and G. Lapertot, Ising incommensurate spin
resonance of CeCoIn5: a dynamical precursor of the Q
phase, Phys. Rev. Lett. 115, 037001 (2015).
[21] P. C. Dai, H. A. Mook, G. Aeppli, S. M. Hayden, and F.
Dog˘an, Resonance as a measure of pairing correlations in
the high-Tc superconductor YBa2Cu3O6.6, Nature (Lon-
don) 406, 965 (2000).
[22] J. M. Tranquada, C. H. Lee, K. Yamada, Y. S. Lee, L.
P. Regnault, and H. M. Rønnow, Evidence for an incom-
mensurate magnetic resonance in La2−xSrxCuO4, Phys.
Rev. B 69, 174507 (2004).
[23] G. R. Stewart, Superconductivity in iron compounds,
Rev. Mod. Phys. 83, 1589-1652 (2011).
[24] P. J. Hirschfeld, M. M. Korshunov, and I. I. Mazin, Gap
symmetry and structure of Fe-based superconductors,
Rep. Prog. Phys. 74, 124508 (2011).
[25] C. Zhang, R. Yu, Y. Su, Y. Song, M. Wang, G. Tan,
6T. Egami, J. A. Fernandez-Baca, E. Faulhaber, Q. Si,
and P. C. Dai, Measurement of a double neutron-spin
resonance and an anisotropic energy gap for Underdoped
Superconducting NaFe0.985Co0.015As using inelastic neu-
tron scattering, Phys. Rev. Lett. 111, 207002 (2013).
[26] T. Xie, Y. Wei, D. L. Gong, T. Fennell, U. Stuhr, R.
Kajimoto, K. Ikeuchi, S. L. Li, J. P. Hu, and H. Luo, Odd
and even modes of neutron spin resonance in the bilayer
iron-based superconductor CaKFe4As4, Phys. Rev. Lett.
120, 267003 (2018).
[27] P. Steffens, C. H. Lee, N. Qureshi, K. Kihou, A. Iyo,
H. Eisaki, and M. Braden, Splitting of resonance exci-
tations in nearly optimally doped Ba(Fe0.94Co0.06)2As2:
an inelastic neutron scattering study with polarization
analysis, Phys. Rev. Lett. 110, 137001 (2013).
[28] Huiqian Luo, Meng Wang, Chenglin Zhang, Xingye Lu,
Louis-Pierre Regnault, Rui Zhang, Shiliang Li, Jiangping
Hu, and Pengcheng Dai, Spin excitation anisotropy as a
probe of orbital ordering in the paramagnetic tetrago-
nal phase of superconducting BaFe1.904Ni0.096As2, Phys.
Rev. Lett. 111, 107006 (2013).
[29] Yu Song, Weiyi Wang, Chenglin Zhang, Yanhong
Gu, Xingye Lu, Guotai Tan, Yixi Su, Fre´de´ric Bour-
darot, A. D. Christianson, Shiliang Li, and Pengcheng
Dai, Temperature and polarization dependence of low-
energy magnetic fluctuations in nearly optimally doped
NaFe0.9785Co0.0215As, Phys. Rev. B 96, 184512 (2017).
[30] Yiming Qiu, Wei Bao, Y. Zhao, Collin Broholm, V.
Stanev, Z. Tesanovic, Y. C. Gasparovic, S. Chang, Jin
Hu, Bin Qian, Minghu Fang, and Zhiqiang Mao, Spin
gap and resonance at the nesting wave vector in super-
conducting FeSe0.4Te0.6, Phys. Rev. Lett. 103, 067008
(2009).
[31] J. Zhao, L.-P. Regnault, C. Zhang, M. Wang, Z. Li, F.
Zhou, Z. Zhao, C. Fang, J. Hu, and P. Dai, Neutron spin
resonance as a probe of the superconducting energy gap
of BaFe1.9Ni0.1As2 superconductors, Phys. Rev. B 81,
180505(R) (2010).
[32] Shiliang Li, Xingye Lu, Meng Wang, Hui-qian Luo,
Miaoyin Wang, Chenglin Zhang, Enrico Faulhaber,
Louis-Pierre Regnault, Deepak Singh, and Pengcheng
Dai, Effect of the in-plane magnetic field on the neu-
tron spin resonance in optimally doped FeSe0.4Te0.6
and BaFe1.9Ni0.1As2 superconductors. Phys. Rev. B 84,
024518 (2011).
[33] Jinsheng Wen, Guangyong Xu, Zhijun Xu, Zhi Wei Lin,
Qiang Li, Ying Chen, Songxue Chi, Genda Gu, and J. M.
Tranquada, Effect of magnetic field on the spin resonance
in FeTe0.5Se0.5as seen via inelastic neutron scattering,
Phys. Rev. B 81, 100513 (2010).
[34] Yu Song, Guotai Tan, Chenglin Zhang, Rasmus Toft-
Petersen, Rong Yu, and Pengcheng Dai, Unusual sup-
pression of a spin resonance mode by magnetic field in un-
derdoped NaFe1−xCoxAs: Evidence for orbital-selective
pairing, Phys. Rev. B 98, 064507 (2018).
[35] In a recently paper Liu et al. [Juanjuan Liu, A. T. Savici,
G. E. Granroth, K. Habicht, Y. Qiu, Jin Hu, Z. Q.
Mao, Wei Bao, A Triplet Resonance in Superconduct-
ing Fe1.03Se0.4Te0.6. Chin. Phys. Lett. 35, 127401 (2018)]
claimed to have observed triplet splitting of the resonance
at a B = 14-T c-axis aligned magnetic field. However,
these measurements are not consistent with earlier work
by two other groups [32, 33].
[36] M. Wang, C. Zhang, X. Lu, G. T. Tan, H. Luo, Y. Song,
M. Y. Wang, X. Zhang, E.A. Goremychkin, T. G. Per-
ring, T. A. Maier, Z. P. Yin, K. Haule, G. Kotliar, P.
Dai, Doping dependence of spin excitations and its corre-
lations with high-temperature superconductivity in iron
pnictides, Nat. Comm. 4, 2874 (2013).
[37] Fong-Chi Hsu, Jiu-Yong Luo, Kuo-Wei Yeh, Ta-Kun
Chen, Tzu-Wen Huang, Phillip M. Wu, Yong-Chi Lee,
Yi-Lin Huang, Yan-Yi Chu, Der-Chung Yan, and Maw-
Kuen Wu, Superconductivity in the PbO-type structure
α-FeSe, Proc. Natl Acad. Sci. USA 105, 14262 (2008).
[38] Serena Margadonna, Yasuhiro Takabayashi, Martin
T. McDonald, Karolina Kasperkiewicz, Yoshikazu
Mizuguchi, Yoshihiko Takano, Andrew N. Fitch, Em-
manuelle Suarde, and Kosmas Prassides, Crystal struc-
ture of the new FeSe1−x superconductor, Chem. Com-
mun. 43, 5607-5609 (2008).
[39] T. M. McQueen, A. J. Williams, P. W. Stephens, J. Tao,
Y. Zhu, V. Ksenofontov, F. Casper, C. Felser, and R. J.
Cava, Tetragonal-to-orthorhombic structural phase tran-
sition at 90 K in the superconductor Fe1.01Se. Phys. Rev.
Lett. 103, 057002 (2009).
[40] A. Bo¨hmer and A. Kreisel, Nematicity, magnetism and
superconductivity in FeSe. J. Phys. Condens. Matter 30,
023001 (2017).
[41] Qisi Wang, Yao Shen, Bingying Pan, Yiqing Hao, Ming-
wei Ma, Fang Zhou, P. Steffens, K. Schmalzl, T. R. For-
rest, M. Abdel-Hafiez, D. A. Chareev, A. N. Vasiliev,
P. Bourges, Y. Sidis, Huibo Cao, Jun Zhao, Strong in-
terplay between stripe spin fluctuations, nematicity and
superconductivity in FeSe. Nat. Mater. 15, 159 (2016).
[42] P. O. Sprau, A. Kostin, A. Kreisel, A. E. Bo¨hmer, V.
Taufour, P. C. Canfield, S. Mukherjee, P. J. Hirschfeld,
B. M. Andersen, and J. C. Se´amus Davis, Discovery of
orbital-selective Cooper pairing in FeSe, Science 357, 75
(2017).
[43] Tong Chen, Youzhe Chen, Andreas Kreisel, Xingye Lu,
Astrid Schneidewind, Yiming Qiu, J. T. Park, Toby G.
Perring, J Ross Stewart, Huibo Cao, Rui Zhang, Yu
Li, Yan Rong, Yuan Wei, Brian M. Andersen, P. J.
Hirschfeld, Collin Broholm, and Pengcheng Dai, Anisotr-
pic spin fluctuations in detwinned FeSe. Nat. Mater. 18,
709 (2019).
[44] Mingwei Ma, Philippe Bourges, Yvan Sidis, Yang Xu,
Shiyan Li, Biaoyan Hu, Jiarui Li, Fa Wang, and Yuan
Li, Prominent role of spin-orbit coupling in FeSe revealed
by inelastic neutron scattering, Phys. Rev. X 7, 021025
(2017).
[45] A. Audouard, F. Duc, L. Drigo, P. Toulemonde, S. Karls-
son, P. Strobel, and A. Sulpice, Quantum oscillations and
upper critical magnetic field of the iron-based supercon-
ductor FeSe. Euro. Phys. Lett. 109, 27003 (2015).
[46] J. A. Rodriguez, D. M. Adler, P. C. Brand, C. Broholm,
J. C. Cook, C. Brocker, R. Hammond, Z. Huang, P. Hun-
dertmark, J. W. Lynn, N. C. Maliszewskyj, J. Moyer, J.
Orndorff, D. Pierce, T. D. Pike, G. Scharfstein, S. A.
Smee, and R. Vilaseca, MACSa new high intensity cold
neutron spectrometer at NIST. Meas. Sci. Technol. 19,
034023 (2008).
[47] A. Schneidewind and P. Cˇerma´k, PANDA: Cold three
axes spectrometer. Journal of large-scale research facili-
ties JLSRF 1, 12 (2015).
[48] J.-P. Ismer, Ilya Eremin, Enrico Rossi, and Dirk K.
Morr, Magnetic resonance in the spin excitation spec-
trum of electron-doped cuprate superconductors. Phys.
7Rev. Lett. 99, 047005 (2007).
[49] Ch. Ru¨egg, N. Cavadini, A. Furrer, H.-U. Gu¨del, K.
Kra¨mer, H. Mutka, A. Wildes, K. Habicht, and P.
Vorderwisch, BoseEinstein condensation of the triplet
states in the magnetic insulator TlCuCl3, Nature 423,
62 (2003).
[50] J. E. Lorenzo, C. Boullier, L. P. Regnault, U. Ammer-
ahl, A. Revcolevschi, Dynamical spin chirality and spin
anisotropy in Sr14Cu24O41: A neutron polarization anal-
ysis study, Phys. Rev. B 75, 054418 (2007).
[51] T. Giamarchi, Ch. Ru¨egg, and O. Tchernyshyov, BoseE-
instein condensation in magnetic insulators. Nat. Phys.
4, 198 (2008).
[52] S. V. Borisenko, D. V. Evtushinsky, Z.-H. Liu, I. Moro-
zov, R. Kappenberger, S. Wurmehl, B. Bu¨chner, A. N.
Yaresko, T. K. Kim, M. Hoesch, T. Wolf, and N. D. Zhi-
gadlo, Direct observation of spinorbit coupling in iron-
based superconductors, Nat. Phys. 12, 311-317 (2016).
[53] Daniel D. Scherer and Brian M. Andersen, Phys. Rev.
Lett. 121, 037205 (2018).
[54] S. Kasahara, T. Watashige, T. Hanaguri, Y. Kohsaka, T.
Yamashita, Y. Shimoyama, Y. Mizukami, R. Endo, H.
Ikeda, K. Aoyama, T. Terashima, S. Uji, T. Wolf, H. von
Lo¨hneysen, T. Shibauchi, and Y. Matsuda, Field-induced
superconducting phase of FeSe in the BCS-BEC cross-
over, Proc. Natl. Acad. Sci. U.S.A. 111, 16309-16313
(2014).
[55] Guan-Yu Chen, Xiyu Zhu, Huan Yang, and Hai-Hu Wen,
Highly anisotropic superconducting gaps and possible ev-
idence of antiferromagnetic order in FeSe single crystals.
Phys. Rev. B 96, 064524 (2017).
[56] Anlu Shi,, S. Kitagawa, K. Ishida,, A. E. Bo¨hmer, Ch.
Meingast, and Thomas Wolf. High-Field Superconduc-
tivity on Iron Chalcogenide FeSe. J. Phys. Soc. Jpn. 87,
065002 (2018).
[57] S. Kasahara, Y. Sato, S. Licciardello, M. Cˇulo, S.
Arsenijevic´, T. Ottenbros, T. Tominaga, J. Bo¨ker, I.
Eremin, T. Shibauchi, J. Wosnitza, N. E. Hussey, Y.
Matsuda, Evidence for an FFLO state with segmented
vortices in the BCS-BEC-crossover superconductor FeSe,
arXiv:1911.08237.
[58] K. Prokes and F. Yokaichiya, E4: The 2-Axis Diffrac-
tometer at BER II. Journal of large-scale research facili-
ties JLSRF 3, 104 (2017).
[59] For supplementary information for additional data and
analysis.
[60] J.-Y. Lin, Y. S. Hsieh, D. A. Chareev, A. N. Vasiliev, Y.
Parsons, and H. D. Yang, Coexistence of isotropic and
extended s-wave order parameters in FeSe as revealed by
low-temperature specific heat. Phys. Rev. B 84, 220507
(2011).
